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ABSTRACT

The DOE-2 building energy analysis computer
program is being modified by the Los Alamos
National Laboratory to include thermal
storage wal) modeling capabilities. This
paper discusses model development and vali-
dation for vented and unventcd thermal
storage walls and water walls in DOE-2.

The unvented wall model was validated by
comparison with test-cell heating loads for
both a selective surface and a night.
insulated wall., Tne two commonly used
vented wall models, the Akbari and Borgers
correlations and the Bernoulli equation
algorithm, were compared and tested against
available wall performance data, The
Bernouili algorithm was chosen for use in
DOE-2 because of its ability to simulate
vent restrictions.

1. |NIRCDUCTION

The DOE-2 bullding energy analysis computer
program (1) {s being modified by the

Los Alamos National Laboratory to include
passive solar simulation capabilities,
DOE-2 can be used to model tha dynamic
encrgy flows occurring on an hour-by-hour
basis in single or muitizone buildings. It
has the added capability of simulating
sophisticated heating, ventilating, and
air-conditioning (HVAC) systems and their
thermal interaction with the building.
DOE-2 15 als0 one of the analytical tools
that can be used for dcmonstrctin? compli..
ance with the proposed Federa) Building
Energy Performance Standards (BEPS).

Previous papers (2,3} discussed passive
solar developmnt in DUE-2 and the direct-
gein and ventilative-cooling capabilities

of the DOE-2.1 version that is now in the
public domain, This paper wil) discuss
mode)! development and validation for vented
and unvented thermal storage walls and water
wally in DOE-2.

2.  THERMAL STORAGE WALL MODEL DESCRIPTION

A diagram of a thermal storage wall showing
the modeling capabilities and energy flows
simulated by DOE-2 {is shown in Fig. 1.

Solar radiation input to the wall is calcu-
lates using hourly total horizontal insola-
ticn read from a weather file and converted
to direct and diffuse radiation incident

on the vertical glazing surface., The window
algorithms in OOE-2 are used to calculate
the solar energy absorbed in, and trans-
mitted throu?h. the glazing(s). These
algorithms allow a wide range of glazing
absorptances and transmittances and up to
three sheets to be specif,ed., The user can
also simulate movable insulstion to cover
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Fig. 1. Dfiagram of heat flows in the DOE-2
therma) storige wall model.



the wall by scheduling a decreased glazing
conductance, and the wall can De assigned a
specified solar absorptivity or have a
selective surface.

Heat conduction through the wall into the
interfor space is calculated by using
response factors. If vents are provided
near the top and bottom of the wall, a
thermosyphon effect occurs and energy will
be transferred from the channel between the
wall and the glass into the room by convec-
tion. A more complete description of the
thermocirculation model in DOE-2 1s given
in Sec. 4 of this paper. This thermocircu-
lation model simulates backdraft dampers on
the vents, so0 reverse thermocirculation wil)
not take place,

3. UNVENTED THERMAL STORAGE WALL

A number of approximations were made in the
unvented wall model to simplify the calcu-
lative procedure. An empirical equation
(4) was used to calculate a heat-transfer
coefficient for convection heat transfer
across the channe) between the wall and the
glazing. Another simplification was the
use of a linearized radiation heat-transfer
coefficient for the radiation heat transfer
across the channel, In the DOE-2 unvented
wall model, these coefficients are calcu-
lated each hour based on the past hour's
wail and glazing temperatures. These
approximations simplify the calculations so
ithat the problem 13 reduced to solving
enargy balances on the outside wall and
glazing surfaces. Once the outside wal)
surface temperature is known, conduction
through the wall into the room is calculated
using respnnse factors,

This unvented.-mass-wall model was validated
by comparison with measured data from
passive-solar test cel's located at

Los Alamos. These test cells are 5- by

8- by 10-ft one-room buildings that are
used to test various passive soiar config-
urations. The cells are heavily instru-
mented and can be operated in either a
heatad (constant temperature) or a free-
floating temperature mude. A more detailed
description of these test cells may be found
in Reference (5).

Figure 2 shows the comparison of measured
and predicted heating loads required to
maintain a constant B2 F set point tempera-
ture for an unvented thermal-storage-wall
test cell with night insulation. The pre-
dicted tota) heating load for the seven-day
winter period examined was about 5 per cent
below the measured va'ue. Cecause the maxi-
mum heating set point in DOE-2 1s BO'F, it
fs likely the results would have been even
¢loser had DDE-2 been able to mode! the B2°F
dverage air temperature in the test cell,
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Fig. 2. Comparison of DOE-2 unventied wall
mode! and measured data for a single-glazed
test cell with night insulation,

Figure 3 shows the comparison of similar
predicted and measured heating loads for an
unvented wall test cell with a selective
surface and no night insulation. The dif-
ference between the total predicted and
measured heating loads in this case is about
9 per cent. Note that the performance of
the test cell with a selective surface is
superior to that of the one with night
insulation,
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Fig. 3. Comparison of DOE-2 unvented wall
model and measured data for a single-glazed
test cell with a selective surface,

4. VENTED THERMAL STORAGE WALL

Modeling of a vented thermal storage wall

iy more difficult than that fur the unvented
case because of the nonlinear nature of the
thermosyphoning of air that flows through
the channel between th.c vall and the
glazing.

The DOE-2 vented wal) algor.thm {s an iter-
ative method, It uses the oulput of the
solution for thermocirculation flow as the
fnput to the solution for the wall and



lazing temperatures, and vice versa, until
ghe wall ary glazing *temperatures converge
to their ncquilibrium vaiues, When the
thermocir:ulation energy delivered to the
room and the outside wall temperature are
known, response factors are used to calcu-
late conduction through the wall into the
room, as in the unvented-wall case.

There are basically two different thermo-
circulation algorithms used by computer
programs that model vented walls. Programs
such as PASOLE (Los Alamos), TRNSYS (Uni-
versity of Wisconsin), and SUNCODE (Ecotope
Group) use a thermocircuiation algorithm
based on a Bernoulli eguation. Computer
programs like BLAST (US Army Construction
Engineering Research Laboratory and Lawrence
Berkeley National Laboratory) and SINDA
(Nationa) Bureau of Standards) use a ther-
mocircuvlation algorithm based on rorrela-
tions by Akbari and Borgers (6,7).

In the Akbari and Borgers correiations, a
detailed hydrodynamic computer simulation
was used to calculate air flow rates and
air temperatures of a vertically heated
channel: *the results were simplified to a
set of correlations based on wall and
glazing temperatures, room air temperature,
and geometry. This detailed tomputer simu-
lation gives an accurate solution for flow
within the channel, However, it doe: not
account for restriction to air flow from
vents at the top and bottom of the wall,
Correlations were developed for both laminar
and turbulent flow,

The Bernoulli algorithm, on the other hand,
is based on Bernoulli's equation for flow
through a channel, The frictional pressure
drop in the channel and prassure losses
through the inlet and ocutlet vents are
balanced by the buoyancy foice of the neated
afir. The details of this algorithm ma, be
found elsewhere (8). The friction factor
for flow in the channel 1s based on fully
developed flow betwcen two parallel plates
with a symmetrical veiocity profile. The
pressure loss coefficients for the inlet
and outlet vents may be ~btatned by combin-
ing factors for sharp-entrance and sudden-
exit region pressyre drops. The values can
be obtained for both laminar and turbulent
flows from any standard fluid mechanics
texth~ok (9).

The principal differences between the two
thermocirculation algorithms may be summed
up as follow-. The Akbari and Borgers
correlations account for a detatled
description of flow in the chanrel, but
they tgnore pressure losses in tha inlet
and outlet vents; the Bernoulli-evuation
mode)l provides a more approximate descrip-
tion of flow in the channel, but the pres-
sure drop through inlet and outlet vents
can be accounted for,

Both thermocirculation algorithms were
tested and compared in the DOE-2 vented

wall model, Unfortunately, few data are
available in the opern literature on ajr-flow
rates and temperatures in vented walls that
are suitable for validation purposes. The
only measurements that were found were those
presented by F. Trombe at an early passive
solar conference (10), and these data were
taken to study wall performance, and were
not intended for the validation of computer
programs.

Figures 4 through 7 show the comparison of
predictions by both the Bernoulli algorithmn
and the Akbari and Borgers correlations to
the F. Trombe data. Figure 4 shows that
both algor ithms predict outside wall tem.
peratures reasonably well, but the Bernoulli
algorithm is closer because 1t predicts a
lower amount of thermocirculation in the
channel, with resulting lower convection
and hijher wall temperatures. Figures 5
and 6 show that the Akbari and Borgers
correlations significantly overpredict the
cutlet vent flow rate and significantly
underpredict tine outlet vent air tempera-
tures. The high air flow rates in this
case are compensated by the lower outlet
vent air temperatures so that the predicted
thermocirculation energy delivered to the
room {chown n Fig., 7) is closer to the
measu-ed values than the air flow predic-
tions were, The reason for these high air
flow rates appears to be the tack of a vent
restriction pressure drop in the Akbari and
Borgers algorithm, In fact, the Bernculli
equation algorithm also predicted similarty
high flow rates when 1t was simylated with
very large vent areas,

Our studies have shown that if the ratio of
the vent area to the channel flow cross-
sectional area 13 1 or less (the ratio in
the case of the F. Trombe data is 0.4),
then the pressure drop through the vents is
significant and cannot be neglected. 1t
appears that this iy the case for many
vented thermal storage wa'!l designs.

The DOF-2 vented storage wall model using
the Bernoulli algorithm was also compared
with measu~ed data from a LoS Alamos test
cell. Unfortunately, air flow measurements
were not made at the test cell. so these
could not be compared with the DOE-2 pre-
dictions as in the case of the Trombe data.
Figur: 8 shows the comparison of measured
and predicted heating loads for the vented
test cell. The predicted total heating
1oad for the seven-day period examined was
within 10 per cent of the measured value.

Although a final judgment as to the accuracy
of either algorithm cannot be made without
more complete testing with better measured
date, the Bernoull{ equation algorithm has
beer. chosen for use {n DOE-2 because of the
ahility tn model vent restrictions.
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5. WATER WALL

Water is often used for heat storage in
passive-solar buildings hecause of its nigh
thermal capacitance. Water containers
(Jjars, drums, and fiber gilass tubes) are
often placed direct)y hehind south-facing
?Iez1ng. and they behave thermaliy much

ike the wall shown in Fig. 1.

The simulation of water walls in the DOE.?
thermal storage wall model has heen accom-
plished by treating them as unvented walls
with high thermal conductivity. This can
effectively account for the natural convec-
tion of the water that tends to even out
the temperature distribution in the wall,
wWater tubes can be simulated in DOE-2 by
determining the projected area of the tubes
on the ylazing and then calculating a wall
width so that the total thermal cepacitance
of the DOE-2 water wall 1is the same as that
for the actual tubes. Spaces between water
tubes can be simulated by combinina that
glazing area into another window on ihe
south wall., Only opaque water walls can be
modeled: translucent water tubes cannot be



simulated by the program now.

A selective

surface can be specified for the wall sur-
face as an option.

The DOE-2 water-wall simulation was compared

against measured Los Alamys test-cell data
for an eight-day period in February 1980.
The total heating load predicted by DOE-2
for the test cell was within 10 per cent of
the measured test-cell heating Voad,

6.

CONCLUSIONS

This study has resulted in the following
conclusions,

7.

This work was sponsored by the US Department
of Energy, Office of the Assistant Secretary

The DOE-2 computer program was modi-
fied to allow modeling capabilities
for unvented thermal storage walls,
Comparison of DOE-2 oreuicted heating
Joads with measured test-cell heating
Joads indicated very good agreement.

The Avbari and Borgers correlations
and une Bernoulli algorithm were
examined for use in modeling the ther-
mocirculation in the vented wall model.
Although the Akbari and Borgers corre-
lotions are based on a more accurate
descriptinn of flow in the channe!l
than the Bernoulli algorithm, they do
not account for vent-restriction pres-
sure drops. The Bernoulli algorithm
was chosen for use in the DOE-2 model
because of its ability to mode) pres-
sure drops through vents, and :cnpari-
son of predictions based on this
algorithm with measured data from

£, Trombe and Los Alamos test cells
indicated acceptable agreement,

By proper selection of effective
thermal conductivity, the unvented
wall mode)l can be used to simulate
water walls. Comparison with measured
tast-cell testing loads indicated
acceprabhle agreement between DOE-2 and
the measured data.
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